NETHCD FOR FORM NG AN ARTI CLE EXTENS| ON BYMaLTI NG OF

A MANDREL I N A _ CERAM C MOLD geps
RELATED APPLI CATI ONS _ This application is related to
comonl y assi gned co-pending 5 pat ent application Serial No. 08/538, 152,
filed on October 2, 1995, Serial No. filed on
(Attorney Docket RD-22,256), Serial No. .

filed on (Attorney Docket RD 24,667), and Serial No.

, filed on (Attorney Docket RD 24,668), the
di scl osure of each is hereby I ncor pgrat ed by reference.
Field of the Invention 10 This invention relates generally
to a method for providing a D H W Qn- on an end of an

article. More particularl row ding an extension’
having a conpatible allo article having .

a directionally oriented m CrOS”UCQE_ESMﬁngL@QSUpera' | oy conposition,

and yet nore particularly, to such a nmethod in which an end of the article
is used 15 as a growth seed for the directional solidification of the
extension directly by ml#@ﬂmmion of an integral
mandrel of a conpatible alloy i ' ld that |Is attached to
the end and used to for nThiscapplitationi isnrelatéd 30 commonlvehkaﬁeﬁ&b’o-b&\dﬂ%ed to
repair thedip g turb

bl ades/ buckstet séaéés)'{tv%pf'éa%hv%ﬁ'gg ﬁog%g§$ c{" ??bc?fl Agﬁ Jeka! Maeh as
turbine 20 shrouds, &ied @oohust olfAttameygDenket RD-22 .256), Serial No.

Background of g&fohnventi qpy Dock ported t Iogy
for grow ng di I‘EC?I onarl | yqor?rg%y ?jc &t R? 24,667). ang Szhauhﬁogs_m sfﬁegigr al | oys

has evol ved frem—&ec@é@@?ysepﬁ'ﬁilﬁof%s%kih?g disclosures pinsiaeh Ja dprsebyand
menbers to propestperatedby refighcelrrently used to formarticles havi ng

conpl ex shapes, such as the di recté’lgﬂﬁlF “SOI! i di.fi cati on of N -base
superal | oy 25 bl adi ng nenbers us ' sections of gas turbine
engi nes. THE published This inkértionaelates, generéllyato dbhethed HompieidingNamt h

Edi tion, Vol UnFlte;g'l:‘al (ko ’on’gﬁv%nd of afkhnﬁ@r nﬂa‘leo‘;db re(‘;a[}'?ona %‘tho%]ﬁ{ od.

has many exa of process y orre
superal | oy bl aatiowgmsme*tgnsi%ew-%atoemame glieyeamposiion on an end of an

article having a directionally oriented microstructure and-a superalloy composition,
and yet more particularly, to such a method in which an end of the article is used'
15 as a growth seed for the directional solidification of the extension directly by
melting and resolidification of an integral mandrel of a compatible alloy in a
ceramic mold that is attached to the end and used to form the extension. This
method may be used to repair the tips of airfoil blading members, such as turbine
blades/buckets as well as vanes/nozzles and non-airfoll articles such as turbine

20 shrouds and combustor shingles.

Background of the Invention

The reported technology for growing directionally oriented cast
structures from superalloys has evolved from processes suitable for making
simple shapes and members to processes that are currently used to form articles
having complex shapes, such as the directional solidification of Ni-base superalioy
25  blading members used in the hot sections of gas turbine engines. The published
literature, such as Metals Handbook Ninth Edition, Volume 15 Casting, ASM
International (1988), pp..319-323, has many examples of processes for making
directionally oriented, superalloy blading members, such as turbine blades and
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- 2- vanes. Most of these processes utilize sone formof a

W t hdrawal -type vacuum tnduction casting furnace with nold susceptor
heat i ng. " In the art of-casting to produce
directionally oriented superalloys, fluid pressure, such as an inert
gas or air, has been applied within a closed 5 container to a nolten
material, such as a netal, to force the nolten materi al upwar dl y

through a tube. A patent which discloses one such nethod and

associ ated apparatus is U S. Patent 3,302,252, relating to continuous
casting of an article upwardly thro#gh a pouring tube into a cool ed
nol d. The cast article is continuously withdrawn fromthe nold. 10
Anot her porti onarek. tMest ®f tlidsa PravessesQnitizd some f@mr(ﬁfae\mlﬁehviaﬂlty@é vab®im

EFG (Edge- defi &%gctﬁﬁ aggngqgmg %!Q" pdrqiégespg hegg hat process, no external

pressure is ap pﬂllary action within a
narrow form ng t ubén the %ﬂ of ¢astinglad prddugeodirectiondiynoriantesl supqalicysirat er i al

upwardly for sqliydirbidurd,| 0h as an i eﬁrféluﬁn&l' yigasabe?ﬁ% f&'%tﬁlh 4 %lov\ﬁa roduced

into the liguidto initiate crystal grow atents ch
di scl ose feat ufrtaiper f%?s’“?l%c@%‘ﬁ"?‘né!‘%‘d%s 8. metabe é?f?% the m°“e'3 mpteriap66:

4,120, 742 and ﬁpﬁ@rﬁlﬂﬁﬁough a tube. A patent which disBloSé¥T8né fsubt) enetitfd 8nd
ref erenced patents. relating to the

for et 1 on of e R ;e Palont?.02.257 2Ringad gontnuots Segind of o
seed crystal s lan\artivle gaiardly anlouy\yaspmlnng) hibarintata cvoked (rpold. NHhe/ casn dftiole IQO

secondary orie {agi‘(? They constitute a nmeans for
initiating %'ﬁ{“HQ@)Y" | cﬁ(?'non 0 an article having a desired crystal
orientatioh0 In the fornenother portion obthetdastifionrrt aematimes is r&ierredetedanhyst al s

are al so used Igrct @Edgerddfingd) F’ﬂn’i fbdcé%\ﬁtﬁ‘ﬂprocess flr‘PrtﬂHi préé&g fic exfer
nol ds, to define the shape anﬁﬂmsta orientation me er 25

Her et of ore, t h@9SBHRiH8P Materigh bt Gagiilary @P%‘t“&?h‘fbﬁ‘ narrow forming
directional |y 3ge et dibasl retie@n@oh @6l dgwaihe IRuid mhteRal upmkdwdfdagoﬁdnﬂchﬁémchl nery

of ol ect ed_cr JIRRENY: 4°5ekg)cryadL 7 inRuied ot e v RS el il

bonded | nt #5an Tapicalcpatents rwiich disclose featitnes enf fthiseprbedsadaciudeh b. steﬂatents u. s.

Patents 3, 967, %5%73?%@ 41%33;%%‘,34?397% representative_ of patents-relating

to this type of at ent .descri bes the
desirability of mat'chi ng 1Brspseapf %‘?r%@nr’@gfe&%ﬂgte@tﬁeﬂnﬁcﬁhﬁwhﬁ&ﬂ\f thee.

By using the caabfingdakaelted aomelRwmatdnest a«h&aﬁshau@ sQidiffet bpﬁﬁbIEYcrystal
oriented arti Cla?'ﬁclgslfcshee crystg‘s Ha\rl]gg seiﬂc):ted crystal l%riezltatur:rr% (pr?marySI n l e
crystal or

20 secondary orientations) have been used. They constitute & means for initiating
the solidification of an article having a desired crystal orientation. In thé formation
of blading members, the seed crystals are also used in conjunction with casting
forms, such as ceramic molds, to define the shape and crystal orientation of the
member. | _

25 Heretofore, the joining of components of single crystal or
directionally solidified elongated grain artiéles. including turbomachinery airfoiis,
has generally involved the use of separately cast members of selected crystal
orientation. Such members are assembled and bonded into an article across an
interface between the members. U.S. Patents 3,967,355 and 4,033,792 are

30 representative of patents relating to this type of bonding, and the ‘792 patent

- describes the desirability of matching crystal structures across the bond interface.
By using the casting technology described above, a directionally
oriented article, such as a blading member, can be formed as a single crystal or



-3- with a directionally solidified crystal structure 'corrprising a

splurality of columar grains. Both single crystal and directionally
solidified articles may be forned with preferred crystal orientations,
and these orientations nay be formed within conponents so as to

produce non-isotropic, orientation-related physical and 5 mechani cal
properties along certain directions within the conponent. The desired
crystal orientation in nickel-base superalloys frequently used for turbine

engi ne components, such as bl ading nmenbers, is that the <001>
crystal |l ographic direction be paratdel to the | ongi tudi nal axis of the
menber, in order to mnimze the el astic nodulus along the | ength of

the menber. Thiith awirectioakliyosviidiied prysial sieuchifle compprsingle plurgitp df ballmnare of the _
creep strength C n of, these
conponent s. I‘n"ﬁz’"i:!(‘%I hg f é“?%%%ﬂ?%‘ ag‘r ef@,l 8‘r°%é'yg%§dm%9e%@§|g% %&% (igm}?gr p'n,
that the <001>prelﬁerredtorymah grientatiogs.oand thseecmthoasndnmbadgpmdjswthm t he
I 'ongi t udi nal oﬂgntgkh% QEWPedrod ce non-i?otroplc loSnentatlcm-éncliae ed é%lo.{)ose s

bl adi ng nenber v a conpl ex s ape o
t he turbong&chi 'ﬁ%ﬁ%“‘ﬁ?‘ﬁ@%@t’qfﬁ@"ﬁ'ﬁ diretionpyitaip the °°mP°"§"t0 j_l'@)e wegiredsch a

bl ad: ng Eerilaercryaftrurieﬁ&ﬁo@nh fAickéi®ake %hﬁ??ﬁy@ﬂ’e&:en%bhed for turbhﬂVérfgihea
co ex (6] owilnterior C an._en re C
s an b A aEy sHh he: Hedne Metbeh: B 16 oo Doin cviBetaMc,a | and

end r egi direcfiar be patallelgo the fpagikslinalvpds of thetrhemtsndinrarderca minimizet ses a
tip that ext enﬂg eﬁg |c mfoE:&U% éﬁﬁ? ﬂﬁqelgéah B{Ww WJHB%'? Thls onentatlon |s known to
Airfoil bl adi urbrne engi onponents, are

frequent| ylQut | prpziéq d moed(thaamee eafthe mmstsemr@cmlmwur ugermal fatl@uq)osed to
a variety of epuitaRbdTBhasd &’orﬁﬁnéﬁtgd Tﬂ%e%@nﬁ@?@ﬁmwnh§a§mnbed

I ncl udi ng: erosion due to iInpact h-vel oci t%/ and/ or high tenperature
airborne 25  Pepip; 89 that the; P91z & P‘éfsu’?‘% ofpwth disgctign aﬂ%%resemqsdeumfe gases,
low-cycle fati gu@tudmal axis)bpmesmea.nd mechani cal abrasi on caused by rubbing

2nd other dammge. parti cOrPRYRe o 4 BEglRy BTRACG ©RamoIPk 58 RS e

bl adi ng malﬁ)ertypé Biesanies abnyenianthfaaumman@nery bladec degcsibédrin 4. adPatpntrenber s

are typically K%Hﬁ%b’( el gudll @Mbiadih 'ﬁ% e(%ng:‘?n.%%{ %hlﬁgéiﬂsﬁé&gd Sufedtedyhy 1 &t her
ti ave anmae When

than to replace’ themafter the t

superal | oy bl aBavirg AcomPlex hollowdpteder aqsyBynisating Vﬁ*ht%'b?% rqgiom, §uchythat
directionally gaseeraaaCbenmn&@drmﬁ meeholmanﬂaémﬁﬂgh thd bitei Wall Bhd 8xd ended

10 eir ¢ o0t B e LAThe b08S! Ghb R B5 o dgith (LSS LD Pl el PO

becomes no2@ ctromlthe ahedf thecmetnbdri cul t because of the necessity of .
mai nt ai ni ng - physi Call}iﬁ&ij &E&Iﬂ?n £0Qﬁ&tb ¢! Hag h&rgigga“gqg portion
| “per %

that do not degrade . € overa or'mance o € conponents This
probl em of repgpmpenantsyare frequentlyr vtjlized dn Ieytremteawnss whetscthey rase | y

oriented m Crogkpdsed s @ Vaidly dierntiforiMehtdif Felated damage and wear mechanisms,
including: erosion due to impact by high-velocity and/or high temperature airborne

25 patticles, high temperature oxidizing and/or corrosive gases, low-cycle fatigue
processes and mechanical abrasion caused by rubbing against other members.
These mechanisms are known to cause cracking and other damage, particularly

in the end reglons or tips of the blading members. Because the manufacturing

_ costs for blading members are typically relatively high, it is often .desirable to
30 repair rather than to replace them after the tips. have been damaged or worn.
When superalloy blading members, or other superalloy articles having a
directionally oriented microstructure, are damaged in the tip or extended end
region, whether in operation or during manufacturing, the problem of their repair



5 in the repaired portion, as is frequently desirable in directionally

oriented articles such as airfoils, because of the difficulty of
replicating the original directional orientation in the materials used
to make the repairs. One nethod that has been used for
the repair of turbine blade tips, has been to add material to the
damaged or worn portion of the tip by 10 wel ding, or simlar processes. A
di sadvantage of this nmethod is that the m crostructure of the weld is
not directionally oriented, and thus the nmechani cal properties of the
tip or extension are dimnished as conpated to the remainder of t he
directionally oriented mcrostructure of the article. A so, nost current
oxi.dati on becorees sencompiitated ahd difficalt,bdchuseudfithé aecussity, ofandinthining been

known to cr acﬁ)hﬂggélnag‘dt,n Qﬁ%{ %}&L ,é},gml BQ;}%P%?{E% portlon that do not degrade , | ¢ N

Anot her net ho as been epar at e
an airfoil by the oyewl, Pemrfthfwg OfdhequmpngeInon'ﬂllsl@rthem|qﬁ1rem1r benudiesg

gr oc gsggg Thlp?anfzsﬁrahgqcmé whes Qrdﬁ%nali?\paneﬁféa[Hgbﬁgtadgﬂnymﬁﬁt t!g‘éﬁw%{a%ed

sonet i mes desiiP M ?PPEGGZW“WT'@FH?’ frequeptly 9?5'@9\91161"!!?@'0{‘?1”%@“‘9# @rticlest i s
simlar to thajuchfast iiﬁoirselmcmerof(lﬁe Tdhﬁculty of reflicafiry the éHifihal @iréitoRAIOP a

mcrostructureJnE gorpa ble with the

mi crostruct ur e%neBﬂa'?)'bi" %'ﬁﬁ%l "[ﬁg ert'ﬁé?‘?ﬁﬁ'ﬁ‘r of the airfoil.

U S. Patents 5,291, 937 aade Ieditng, H3Bhasrhearhusedefob thehrepaisiof rbiine blade t o t he
assignee of ! Nigs, hayBabh q thgg%gsﬁamsnﬁ&gja}nagw 8P WakF Boltitn 'L By Cr €M

25 al so desc rovi an exten on t ernd of a
di recti ondi® y welding, gp|sirailar pracesses. C|/€\,‘ dt%ﬁntage &f Bh'admﬁiyoﬁrsﬁﬁbat thehese
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directional solidification of an extension on
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extended ti ps. desir
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such as the ceram’c ensi on ppI yi ng
fluid pressur e“ﬁ@sﬁ@%@stqﬁémhﬁm mahdaﬂ"erfeiaainﬂﬁttobmff@h e.

Summary of the Inventionys, Patents 5,291,937 and 5,3025038! QARRtard BYRNssHHed
describes a man t?ug a]:sglaneoe &‘G\I Envgntlon and are hereby incorporated by reference herein,
25  also describe two methods for providing an extension on the end of a directionally

solidified article, such as a blading member. These methods both utitize a die

and a die extension made from ceramic materials, and involve applying a fluid

pressure to force a molten material into the die extension. The article end on

which the extension is to be formed is then placed into the die opening and die

30 extension and into contact with the molten material. The article end is held in

contact with the molten material for a time sufficient for the article end to interact

with the molten material, whereupon the article is withdrawn through the die

opening at a rate that permits directional solidification of an extension on the end



extension on an end of a superalloy article having a directionally oriented
10 m crostructure, such as a bl adi ng nmenber or other gas turbine engine
conponent, or other superalloy article, by nelting and resolidification of

an i ntegral mandrel of a conpatible alloy, preferably a superalloy, in
a ceramc nold that is attached over the end of the article, followed
by controlled cooling and solidification of the nolten mandrel. The
article my al so have internal 15 passageways comruni cating through the
end of the article on which the extension is to be added. An
extension fornmed by this nethod may conpra-se a m crostructure of

- equi axed grains, a directionally oriented crystal structure
conpri sing a Phtalride. o dgééi‘fg %’fﬂ&bﬁhe%?‘rﬁ@dsnt: delRkd td taa?ﬁ.met hod . _
may be used to provi r owt an ext nsi on,
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the steps of: selecting an article_ co I SI ng_an extension end havi ng

a cross-sectional shape, H¢ Prasensintygntivmdesibes g deathod doraproyiding: asyr f ace
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ceramic mold, followed by solidification of an extension by controlled
resolidification of the molten mandrel. The ceramic mold serves in part to control

25 the shape of the extension.

In one embodiment, the invention may be briefly and generally
described as a method for previding en integral extension on an article,
comprising the steps of: selecting an article comprising an extension end having
a cross-sectional shape, an extension bonding surface and an outer surface

30 - defined by the cross-sectional shape, the extension end also having a superalloy
composition and a directionally oriented crystal structure; attaching a mandrel to
the extension bonding surface, the mandrel having a cross-sectional shape that



15 bondi-ng surface into the nolten mandrel, as an integral extension that

generally conforns to the shape of the nold cavity and has a

m crostructure that is conpatible with the mcrostructure of the
extension end, the controlled thernal condi ti ons conpri sing

mai ntai ning a tenperature gradient within the article such t hat the

tenperature is highest at the interface and decreases within the article as
20 a function of increasing distance fromthe interface.

In a second enbodi nent, a preforned ceram c nold may be utilized,
rather than formng the ceramc nold in sgtu. Contr ol
of the tenperature .gradient during solidification of the ~extension
per m ts cont 0l Ghmblfbid Gt!ihd BRILEUBAIHEDY bPUR' oddiBiol thl Hak U oG 25
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In a second embodiment, a preformed ceramic mold may be
utilized, rather than forming the ceramic mold in situ.
Control of the temperature gradient during solidification of the
extension permits control of the resulting microstructure of the extension. For
25 example, to form a microstructure comprising a plurality of directionally solidified
grains, or a single crystal microstructure. Additional control over the temperature
gradient during solidification may be accompiished in this method by employing
the additional steps of heating and/or cooling the article during growth of the
extension. _
Brief Description of the Drawi

30 Fig. 1 is a flow diagram illustrating the method of this invention.



partially hollow article. Det ai | ed Description

-of the Invention The present invention conprises a new
met hod by which an extension may be grown directly on an end of a
directionally oriented, superalloy 25 article, through solidification of
the extension froma nolten integral mandrel of a super al | oy

material. This nethod also utilizes a ceramc nold to assist in formng

t he shape of the extension. Through use of the article itself as a seed or
means for initiating gromh, the nethod may be used to provide an
extension with a crystal structure7 and overall mcrostructure that is
conpatible with and continuous 30 with that of the article, including an
ext ensi on having a m cr cigs; @at andezmhaé séctional views gﬁnﬂlue&éty the steps of

uni ch t e ext Ry B8 AT R o) iR Hhoh rRreshle Beborind e,

- 8- ex thenwethod obthussmwmuanu cles, or to repal r or replace existing
extensions. Wile t:f al ‘M’éi’nfé rhicl es,
the. met hod _of this i nvent# ) ||§§Je¥tldﬂﬁle¢|éu: ppg}] é’(%He@tté/p%E:t(l)d\}l hlé ng an

ext ensi on ¥n ametapd ptthe nmenb"yemnb dwsvmnsr '{h@r step of w&nw@wwgnor
passages conm.megﬁt 'rﬁ%dféltbf tsheerami %térmed aftist LdWdOHBEVE AR Article€NA ON

whi ch the extens nls% §: rmed. Thus, is nethod is partlcularly
useful for foraﬁ? nGe with 3his '?"ﬁ@“qnhe tips of airfoil blading nenbers, such
as t ur bi ne bl ades. Fig. 3B is a sectional view of théSappaladlsfman gA, tshew‘hgr m

"crystal str u%% sfaeg stsoh&gﬁ'@dﬁg rﬂc%]teﬁes%ﬁurﬂloy jnts I(?Naq{dfél, dbeg%ﬂﬁaétltge and
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oriented”, "directgignalis Qr A lGdratiel of 'a”iuhﬁﬁe bREETor & té@binkO
strongly orlented crystal “structures, i ncluding directionally

solidified pol%\“?s'f“éll"l"f‘%@es?’ﬁt‘iiﬁpﬂreég orBlRAR R ng a plurality of

el Ongag ed grains, and sirg! easrayﬁigaduei\tarir h&g?é?ﬁrﬁ&ticnﬁémdﬂaf@pﬁﬁéd s'ﬁbw,ctur e",
as use er el
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and conpodit i dmludinmaobiqiﬁytdtmmed gramqahases i ncl usi ons, dendrites, etc.
within the crystal strucfddr gg% A}‘, atic. vie opf?:ﬁ%la%\égﬁ rlllogys t hat
are cast and directional fi 5@2@ ra T |ncvr . mra. prine
preci pitates, ﬁpae@aa'ae'ﬁmf ?t‘é"’aﬁ"ﬁ‘ﬁd&!ﬁwaia#%us ot her di stl ngui shabl e
phases, such as various pglPiisla seflorfafivie@dttd pétord bR Dladtih eOFig. 6 YSt al
structure and tall uqmgl cal str?ture can be deternined and identified by a
variety of kno{?ﬁe"aﬂﬂn FUOR IR - anal yti cal techni ques including cheni cal
or - @ectrographic Eigal V& i 6 and 40 \ei idideamimatisysectioral oipes [iilustrativd
Gonpr ehonds. bogts ppgodimeRt ol H stobd o, e e of ¢ BRisdhC afin 75 "
structure. 25 partially hollow article. As || I ust rated In Figs. 1, 2A-B and 3A-B
the present invention is a - :;;Eu.,;)gij. bR 'of tHeQMVeRtisl) an |nt egral extension
on an end of an article, corrpr|5| ngv e
The present invention comprises a new method by which an
extension may be grown directly on an end of a directionally oriented, superalloy

25 article, through solidification of the extension from a molten integral mandrel of a

superalloy material. This method also utilizes a ceramic mold to assist in forming
the shape of the extension. Through use of the article itself as a seed or means
for ihitiatlng growth, the method may be used to provide an extension with a
crystal structure and overall microstructure that is compatible with and continuous
30 with that of the article, including an extension having a microstructure that is
generally indistinguishable from the metallurgical structure of the article from
which the extension is grown. The method may be utilized to make new



steps (see Fig. 1) of: selecting 100 an article 2 conprising extension end
+4 having a cross-sectional shape (not shown) , extension bonding or
grow h surface 6 and outer surface 8 defined by the cross-sectional
shape, extension end 8 also 30 having a mcrostructure conprising a
superal | oy conposition and directionally oriented crystal structure
10; attaching 200 nandrel 12 to extension bondi ng surface 6 (see
Fig. 2A), mandrel 12 having a cross-sectional shape that is

conpatible with the cross-sectional shape of extension end 4, and outer
surface -8- -9 -

14 that communicates with outer surface 8 of extenS|on end 4; formng 300
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outer surface 5 cﬂs.t ng)mﬂgefalfl used herein, GOHAS
super al | oy art cwbtabstRictuseiaind the nptaliutgicabstneturergi ne conponent s,

25 As fllustrated in Figs. 1, 2A-B and 3A-B, the present invention is a
method for providing an integral extension on an end of an article, comprising the
steps {see Fig. 1) of: selecting 100 an article 2 comprising extension end 4 having
a cross-sectional shape (not shown) , extension bonding or growth surface 6 and
outer surface 8 defined by the cross-sectional shape, extension end 8 also

30 having a microstructure comprising a superallioy composition and directionally
oriented crystal structure 10; attaching 200 mandrel 12 to extension bonding
surface 6 (see Fig. 2A), mandrel 12 having a cross-sectional shape that is
compatible with the cross-sectional shape of extension end 4, and outer surface



article 2 will have a general longitudinal orientation, such as about a

{ ongi t udi nal axis 30, as shown in Flgs 3A, 3B and 4. For articles 2
havi ng a | ongi t udi nal

- 10- orientation, they may further be described as conprising a base
end 32, transition section 34 and extension end 4, as shown in Figs.
3A and 3B. In a preferred enbodi nent, article 2 conprises an airfoil
such as a bl adi ng nmenber in the formof turbine blade 42, as shown in
Figs. 4 and 6. Turbine blade 42 5 conprises base or root 44, airfoi
section 46 and bl ade tip 48, which corresgpond to base end 32,
transition section 34, and extension end 4, respectively, as shown in

Figs. 3A and 3 se 44 hav ener al . prises
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anufactured article that does not have an extension, or one which requires

addition to or modification of an existing extension. It may also include selecting
25 an article having an exisﬁng extension that has been used in an application, such
as a turbine engine, and which requires modification, replacement or repair of the
existing extension. An article 2 of the present invention may comprise many
useful forms, but may be characterized most generally as having extension end 4
on which an integral extension 20 is to be formed having a cross-sectional shape,
30 extensiori bonding surface 6 and outer surface 8. In the case of many useful
embodiments of superalloy articles 2, such as gas turbine engine components,
article 2 will have a general longitudinal orientation, such as about a longitudinal
axis 30, as shown in Figs. 3A, 3B and 4. For articles 2 having a longitudinal



than those of the smaller blades. Blade tips 48 frequently becone worn or
-damaged in service, as described herein. Thus, the nethod of this invention

may be used to repair an extension end 4 generally, or blade tip 48 in
t he case of turbi ne bl ade 48, by adding an integral extension 20,
whether in the formof a 5 solid extension or the extension of a
peripherally extending rimonly. - In a selected article
2, extension end 4 has a cross-sectional shape that may be any usef ul
cross-sectional shape. However, as described, the cross-secti onal
-shape is preferably that of an airfoil,-guch as a turbine blade or

vane, as illustrated by the perspective vi ews of extension end 4 shown in

Figs. 4- 10 n n|nb 'gor
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ext ensi on 20 itkangitonrseckioinn3s amaextensiomendwédaefshqvm i Figs: et arthB BEdo@nsi on
bondi ng surf acﬁe@rr@@)égﬁaa‘ e Yrtieldid %?ljlfﬁses arha:ﬁbiﬂl%ﬁclpés §'b%@mg 'rﬁé‘?ﬂﬁéﬁ inng

pI anar or non- @ anar es, ep end Ing on t desire
(S

of the requiretedRmeelity ‘“eléé‘%%%- ?’ms§°“l’ﬂat“h§!951 4 6. erm“? 8?3‘1154
grow ng i ntsegradm;ﬁvs&e B&deOtSrod044 irfdilr Jelidn 48 ash BIEdé’rwj’r’ﬂe,rﬁmctﬂcd}fé%B@’(d ed

shape e rise t cross sectional ai rf shape.

i |l ustrated by O g?ﬁgs c{)% transit Iﬁﬁfgm? P’S’ £8° ¢ ?&ﬁ’ﬁpeeé'g 4 "%w sshovvn in
Fi gs. 4-6. Extshsinoin Eigd. 8Aarxio3B. Basecenrpna)sbave)u’faay femrst ame ganerhw may be
any suitable s . f I

surface 8 cor ré@%ﬁg q 'ﬁé&r& flpfg{m:ﬂ“rlg lﬂé&e %23,‘0 3\%‘%:%‘8% &?eqr&r é“:epo e to t he

general | y conpbush mﬂ&alser bﬂSKClWMi? Mﬂéed@s%ﬂ@m for uger withs @ tusbine disk, it dewal |
46A and cofyexg Mlg%nﬁh@ﬁﬁuré@tﬁh a3 sHeRRA]A a\lld?a&}e&ﬁl ;ﬂﬁﬁ)ﬁ ﬂ@Qor

and chordw se sSpaced trail g E sel ect ed
article 2 al soMi&09, suchAttachmen on§8§‘?t1’%rf"%¥loa‘s° °°mpdﬁsPe€t1“8ﬁ%’r | fgr
oriented cryst %mﬁhﬁudﬂh@r@ithlﬁ hollow lilsteﬁbrfuyﬁﬁemwnthlhehé alridil 'seconl sldtoys is 25

defined as an e fo se.above
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ori ented cryst well knowr; tand generally conﬁmses canchvedpressiire sidewsll 464, bad eonyex Co- base
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Irons, Steels, tralieg pigedmy and biadadie 48 m@tygtercchwhesq ¢leraeminel A AUter 1990) ,

pp. 981-994 an@n&%tﬂé)eﬁde\eéééhggle&@hu@s ARG séchdn abldfso freﬁuenuysnuseaal | oys,

o, SPect 1 ool okl Ao el BE, G ciririnih vy e S 4.0
wi dely used base 44 Horithe punwsaEinae, afpgiicuiating arcsolingditd; auch as aipirarhl e
superal | OyﬁOWOlﬁgge ﬂjﬁrﬂo airfoll section 46. This partially hollow interior typically comprises
serpentine or labyrinthine shaped cooling channels 46F that communicate with
the exterior of airfoil section 46 through passages or holes 50. Cooling channels
46F also frequently communicate with end wall 62 in the form of a plurality of
small passageways 74 or holes through end wall 62. Passageways 74 are also
25 used in the context of the use of article 42 in conjunction with the flow of a
cooling fluid, such as air. Blade tip 48 is at the end of airfoil section 46 away from
base 44. Referring to Figs. 4, 5 and 6, blade tip 48 may be solid (Fig. 4), or it
may comprise an end wall 62, and a peripherally extending rim §8, where rim 58
is typically on the order of 0.02-0.15 inches thick, and extends 0.02-0.25 inches
30 béyond the outer surface of end wall 62, with the thickness and length of the
extension depending on several factors, including the overall size of blade 42
(gas turbine buckets generally being much larger than jet engine blades) and the
location of blade 42 within an engine. Larger buckets typically having thicker rims

si ze



- 12 - i nclude high tenperature alloys that are not presently

-referred to as superall oys, and are not in w despread commercial use
for bl adi ng menber applications, such as Nb-base and Ti-base all oys,
including Nb-Ti alloys and Ti-Al alloys, as well as Ni - Al all oys.

Superalloys in this context also may include those alloys that contain 5
intrinsically or extrinsically formed strengthening nedia, such as
conposi tes of superal | oys that contain extrinsically formed ceramc,
i nt er nedi at e phase or ot her fibers, such as N -base alloys that
contain alum na fibers, or Nb-base conposii-te all oys that contain an
intrinsically formed Nb-Si internedi ate phase. For

sl ected AL B thdLR!of MCerfoP e O BRSO S0 (ERG0dRRe dlin o0 ! di ze0.
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sidewall 46A and convex stiction sidewall 46 B that connect leading edge 46C
and chordwise spaced trailing edge 46D.
A selected article 2 also has a superalloy composition and
directionally oriented crystal structure 10. As used herein, the term "superalloy” is
25 defined as any heat resisting metal alloy that is adapted for use above 540°C,
and that may be processed so as to form a directionally oriented crystal structure.
This includes Ni-base, Fe-base or Co-base superalloyé. such as are well-known,
and described, for example, in Metals Handbook Tenth Edition, Volume 1
Properties and Selection: Irons, Steels, and High-Performance Alloys, ASM
30 International (1990), pp. 981-994 and 995-1006, which describes many castable
superalloys, and specifically Ni-base superalloys that may be directionally
solidified or formed as single crystals. Such superalloys are presently widely used
in blading member applicatipns. However, acceptable superélloys would also



-13,- that attaching 200 does not cause interaction with the

superal l 6y of article 2, particularly in the region of extension
bondi ng surface 6, that would interfere with the other steps of the
met hod, and particularly with the interaction of extension bondi ng

surface 6 as a mcrostructure gromh seed in nolten material 26. Also, 5
conpatibility requires that mandrel 12 be fornmed froma superalloy that may
be attached to extension bonding surface 6, and that the neans used to
make the attachnent be sufficiently durable to wthstand the step of
form ng 300. . Mandrel 12 may conprisgany suitable superall oy and need
not have the sane conposition-or mcrostructure 'as article 2.
Attaching 200 I . of ing any
Sui ¢ abl o at t achaf AR Ferdtire Aol S FATERL ndf priboBl? RerSh &o*@%‘%e@fs to bond ~
a preformed al msg/arﬁmtjme\mdemadrmmmermal usgd@lfhl@dlwtnemaereanpmanbm suemdrel 12

may be added tg ﬁ%swamrmelan&,ssmemm? NB-Ti alloys a{hdar.fA@Eﬁwsf&rMu and then
mandrel 12 may be fornmed fromthe rou ormusin nown materi al

removal means Will2igyse Superafipys ip é'H%G%ﬂ exh alsp W@Vdﬂﬁ\%ﬁeélmﬁ?eﬁ“&'ﬁ that cogtain

utilized. A5 aiitriasiasnyi 6r Oftritidafy form@d %‘ﬁ@ngtﬁm@f fHedih? smyaé)eorﬁﬂfsﬂ&s bpr ned
onto extenS| &I{j%on .surf.ace 6. US make %rough

form suffici ent Per@ tloys seATaly 1°gme{!]/§ﬁ@m "H"}?ag?‘ﬁ © 98 °¥8F ned
f rom t he. r oughfitiess, raucls ias dNi-base allaysiithat [coataionaluminardibers; o Nb-base/admpositels. The

mat eri al used %‘IB]yg Hat' ot %g Sﬁll thifsically form@)ﬁp%‘?irﬁ&%@iﬂ@%@%é oy that is

conpatible wt orm ng e ceramc noD as any ot her
steps of the nethod for WA &¢lecietharticlps at have exdsting iexiepsians, such as wamdr el 12

has a crosp segkidigetbr ahmaged timind 5|aamd|é)lzqnav bitiohBly KdvaSS portion of
conpat bl e or 08U o155 Bade o 8 rSBeyRri desiate e ey antc s CI
shape asatdoadingto tiecmettiodnofithis iavenition.n ThiseiscitkestratedeineFigr t ibglthe 2 i s an
Shape of the o2bnal &8 of Rffcling 130 oS00, & xFRRER Sha APl et 200 0 ' 1,
have a cross- s@@ntiteh 1@hafot example, it may sdendesifebler tal resievp cheavilyt bsitlized t he
ext ensi on eqd ﬂoﬂ:@ﬁ’st off ttﬁblhé‘ﬁﬂﬁé tlﬁ g 8nhdnBe Wedlﬁtreragtlor} wm% the' rﬂfl@n%&t@ﬁﬁer

ceram c nold during form ng An oversize nman oduce

an oversize cef‘hﬁ'ﬁ‘?@“ﬁiﬁqﬂeflétepﬁ/rﬂf&'}? methed Where gxiensiog and 4 ig bﬁ’ﬁ‘*é‘?é‘ﬁél‘ze 30

ext ensi on. Suc h:agrmwaé HeFifbrORf te@wvata @dhldiﬁ §hbladhe tip 4B ih 2edbritd givie the
m et erl a

d ble t f f

extenaion 20, TR he 88 Hard ol Kooty &0k Ston A Hetbbyche,
shape as ext enskample,ngrovide laufiat surface atrthie ead okd tarbinabldde tipr whiarcthedtip is
?ggef S zed2§xt §h§§‘lnﬁf‘feﬁ§nnﬁteﬁgﬁgtér&'ﬂ rtﬁt%é é}B Fﬁé’ a more uniform st{rface on which

e5|ra for a as coa ayers to
‘the outer surfé&éokﬂ“v the maé@é’taém@icbrism forhthecextanisionai Mmgalapoaldodso bect i onal

shape that is tr&ﬁov%ﬁ%nﬁﬁn Bﬂﬁfn article, Qﬁclﬁé@ £0biRE'bRAE! tif In Sk § Raifdr@o Whi | €
it is preferred that ave
as to provide a non-ﬂat surface (e g. sawtooth pattemns, stepped patterns or other
non-flat surfaces) at the end of the blade tip, and thus provide a non-uniform
25 surface on which to solidify the material which forms the new tip. Any suitable
material removai method may be used, such as grinding, sawing, machining,
etching or other suitable material removal methods, provided that mechanical
damage is avoided which could promote nucleation of a new grain structure
during heating of the end of the article.
30 After selecting 100 and any optional removing 150, the next step
is the steb of attaching 200 mandrel 12 to extension bonding surface 6. Mandrel
12 may comprise any superalloy that is compatible with extension bonding'
surface 6. By compatibility, it is meant that mandrel 12 must be adapted such



sanme general cross-sectional shape as extension end 4, any conpatible
.cross- 5 section may be utilized, with the conpatibility of the

cross-sectional shape ultimately being determ ned by whether the
cross-sectional shape of nmandrel 12 produces the desired formfor
extension 20. As an exanple, in the context of mandrel s for bl ade

tips 48, the cross-sectional shape may be that of a solid tip 48

(Fig. 4), or that of arim58 (Fig. 6). Mandrel 12 also has an outer
surface 14 that 10 communicates with outer surface 8 of extension end 4.
Thi s communi cati on may be such that3outer surface 14 and outer
surface 8 together forma continuous, or nearly conti nuous surface,

or there may bmaaadaawmmuoésynaeémenntbhen@uwftmmsuperau (ﬁ Aartidie pe -

drel 12 h di f h f
gztn e;\; on engsﬂam‘é‘ga'& 'Pelt E?@g??‘a"gc%tgns'ﬁl"ﬁg §°°0 ' |ze W?ﬁ"f‘?[ﬁa‘i”v‘obet ween

15 these el enthetatherostems ofsmefrmtmdléndfpamsmldrlyeMltﬂZhswdracﬂonmmensioles W th

out er S%{;@&ﬁ‘g Surfile %Xé ﬂﬁiﬁ&@stﬁﬁﬂn @géwsééd Exndﬂga %Jt@r&?zée%w e of

di fferent geometr nec gron or ot her
surface thad i ﬁ@@?ﬁi@ﬁﬁe@ﬂ@l’@rtha‘ maﬂdf?'oﬁme formed f@maaewaﬂowaharmay be al so

has a length (lagachad t§ RRieAsibA bgﬁdifg s@rﬁb@% and that tf@heﬁ@ﬂe@'t& nk@dnd 0 form
ext ensions on airfoil such a kets or bla mandrel | ength

typically will aF%ﬁ'i'g@"f P%ﬁﬁ‘ff%'wtd“ﬁb('ﬁz‘%w'ﬂ!?‘%"ﬂé%étep\%F%'H'"Q 300. Maggdrels nonds

to the typical 1pamgg ¢0”m[$rBGghiin stftatilé asipelaiioy edndt npéd not have the same
After attachi n% 200 ndre

h f
200 e amoh " SampsiiHl & Sickistrubilfe, 38 4Rere, | Anhding 208 Gby comprigh O™ "
portion of 1Qut attachment ot aPrefdrmsd mandrelrusingdany, suitsbls attachnment Fiegss, suoh 2C.

Ceram c 25 ‘gg,'cd]i mr, at W th
mandrel 12 anmagda &ﬁfugﬁxel%gﬁlgﬁ en sg?’m@}ﬁ % %aaégoshou # oﬁmd over
“a sufficient p@ufficignt Haterial for mandrel,12 Ay éﬁdﬂdﬂe@ & exienpion ?Qi‘&t“grﬁﬂﬁacelﬁ wil

not detach fronm Q%@dlﬁoﬂﬁ &idhén mﬁndrel 12 frial) e faﬁféatffd?tﬂttﬁfroﬁgﬂ fénﬂl@sigat 0
erein I NCl .U

| t t I bed
orm ng 300 corAM: TR FeYRL et Fyiatinior e mmpval of e Bancreiopiatl
Ceram c nollf 1Gdikeed. bes droexampld ohattaghing 200,ymindrel i 1@ pmayobeasptay formed onto

Wi t hdr aw ng ”arle‘}{e‘ﬁ% ljr%o% Eﬁﬁa‘é@%‘ nfégnﬁ%wﬂ Aaé%%mg t@rréké‘ rdu h%rrﬂ?f'ﬁ{i&ﬁyi ng a

slurry over roma n-a green
state, and it iteform maﬂ(ﬂ?'e‘l‘?erﬂbl\@e't‘!? nay. mméaeamrmaﬁfrmme @ugtpfom usingt ering -

250 such nol ds gythiné kB&NﬂTﬁJaidnagremoval means. The matenal used to form mandrel 12
- 15-- 500 the inte to increase the density and

e
mechani cal may be ARy ﬁg‘lﬁ'a'l"ﬁ éh%? 8°'“F%Hb?ﬁ ‘H'ﬁ‘ forming 200 the; Beféﬂh’pff‘?lg @5t her nal
spray form20g well asmhmtmlstedsrmwne iwdthedifor vehichhmaadrgl aa;myw aglize@. Mol ds

f d by th | || | ' d b
typi oal 1y such RSP 15 <RG0 GRS SetotaluiPe: Hrch ooferafiud vl et PRy 1 or-
use as a nol d. sestional shapehoft extensidncend 4, asishaivt in Figs.n4 andl @. 1Generaliy. e

al um na, mul |t &mpatibig) cre¥sSebtonat maﬁfalﬁi conib?ik& ) éH?ﬂla cmss-se’ch&fé@ Qha?:e

Sel ection of the ceramic material w done so as to ensure
compatibility ofs gt of the extension gad. sﬂb@?éﬁaﬁ%y'hsﬂe aftigle 2)ig.an aiioll, ‘H%FE%ﬁ'

material 2@5 sectional shape of mandrel 12 may be an airfoil shape of the same size.
However, it may be desirable that mandrel 12 have a cross-section that is the

same general shape as that of the extension end 4, but of a larger size, in order

to form a larger ceramic mdld during forming 300. An oversize mandrel 12 would

produce an oversize ceramic mold 16, which would in turn result- in an oversize

30 extension. Such an oversize configuration might be utilized if it is desirable to

perform material removal or surface finishing on extension 20. Conversely,

mandrel 12 could be of the same general shape as extension end 4, but

undersized so as to produce an undersized extension. Such a configuration may



particularly so as to avoid contam nation of nolten material 26 or

extensi on 20. 10 Ensuring conpatibility will also seek to ensure
sufficient adherence of the ceram c material to the extension end
during integral mandrel nelting 500, hol ding 600 and solidifying

integral mandrel 700, in addition to ensuring sufficient mechanical
strength of the nold during each of these steps, and may al so i nvol ve ot her
conpatibility considerations also. Mld 16 has a nold cavity 18 with a
shape that 15 is defined, and initially occupied, by nmandrel 12, as

descri bed herein. The shape of noly@-cavity 18 defines the shape of

I ntegral extension 20. Ml d 16 may exi st as one continuous pi ece, or
a plurality ofpepg ﬁ'ﬁﬁl f:?reﬁgi t f nd how
ceram c materi al ;s PPl 6 u@%ﬁgg' oJra%‘ %Q%gg‘ﬁlg RS tol%'e bter suﬁ?‘?oa}has at "~
| east one gat |‘?¥§f“ﬁ'éar?§ whilg mmtaemmmsatse@uomltsmawmr iscthe tsgma &s tad
Gating means 2ot eRfthSibh endW, t AUHHERhGE) \ﬁl‘\llezlplst&ef@%@"thamaqdéﬁﬁggv Cﬁ’@t act

ext ensi on bond| surface 6. In one embodi men neans si mply
be an opening § ﬂ%‘e&t&f%ﬁ‘swwallﬁtapgéﬁé%nﬁynw&dm@ny [fempatibie slhaﬁpe as the
cr 0ss- sect iSonadectiérapeayobe astilisdtsiviith eedcémpaAbilisN6iVihd Brosk-38ctioddr Sifdpe! N

SO con SRR Tl B8 IR L Ben oot bbb B o o

cavity 18, si rirpduces dheydesited fommfag extension 29cdAs mn telemplay inothe contekti 6fg art s.
Gating neans Zfaddiels R bidde TRe 484hs 'afbs§ Qéé?blgg shaLtPehm@;’Qé)tha?&cysoﬁé tig dﬁadapt 'ng

mandrel 12 prior to formng so as t
formng. For eXignf) or thahaf %rﬁﬁ‘cﬁseﬂ':'gcﬁhl Mandield2isochas an dutesisurfase 14 that that

woul d for mwatmmwa vith 6litér sittaéeDs Bt Blendiiif erfd’4. o1
added to the ndrﬁaﬂl B?éow de g.tl n rre?ams 292 urlﬂ?%&%&ﬁd{i’onéﬁl ng

neans spfaGee RIGiuared "9&3“'!9" & ?%'"%Wal step
as part of nearly oomﬂnng.:s’%ﬂﬁtace,mraﬁeré @nayrhﬁla ausmﬁﬁmednﬂhQ stifegandr el

ZT t g:: gs pla)(;:j Pgast \nﬁere rFBal’ldl'éi elrzaﬁgs a '&rﬁ}e?erni CI'OSS-SG lOl"Iaq rs?lape or S|ze thea)g[ tﬁgtstlifo n end

-16 - extension end 4, aFdesaribed aboveer In the| casg f @i disaontimdty betwdener mal
expansi on |5 thé&emtehﬁhf%nbu@‘ Isfiiacedfh Wﬁﬁn&t’%ﬁ1E‘§rt|ﬂ‘|cl:tnﬁtuﬁfc%fe§|mﬁth o e
ceramc, an optlonal addition to t rocessin penel & al .

After attachi rifreed n‘ﬁrﬁi‘t"é\sbﬂ!?nd 4, albejthy %éf"t‘ﬁc@ fP@#’fﬁ ﬁgdlwentoqaomﬁm nol d
16, a coating sueh atsea aﬁ@lldé?ﬂné’&@d-ﬂewﬁ regufmadbmbr &%fa%@(ihmﬁtsﬁshr%tse&d

surface 8. Th| to create a gap
bet ween net al ng g{'% ﬁ%\gge? é&%ﬁq‘aﬂ?'ﬂ@‘ )5 335howadn Figs. 2A-2B4 ey g
growt h of the Fﬁ!rtiaandmls tusadtthéomeextanslonstm eifolls, ssuchals Huskets®ir dladdees not

generate %esﬁsﬁdf’ég"%twggaig%ﬁﬁ u;aﬁ t’@o'ﬁeaﬂ%o%gy_roiég; @ gaLin %‘T?ﬁot.

coating- - is to be renov fte form Seram
shown) . A coat $H(§srands e, theydyriaal Wedb!ﬂngthsobblﬂdmtikﬁdws 0.1 |nches may be

suitabl e, depending on tRager attachig’ 200 mdnBRel 2! tfd BeRNéleb 1€ 1 efepl BCC | 1
expansi on. d of this

i nvention, t he' g{ﬂgg 800 ceragyc %P a%géﬂtgg ﬁ'@'FbO 1&%?”'[ o 51%9" Bller®a aced by
a step of att apdttiongof-puter surfacecs of enehsimrenmc asshowr in Figs)\eAr2Cit Céramid a
portion of2ut gbigStd ia§ BeFofied by .any method that is compatible with mandrel 12 and
extension end 4. Ceramic mold 16 should be formed over a sufficient portion of
extension end 4 to ensure that mold 16 will not detach from extension énd 4
during insertion of mold 16 into molten material 26, as described herein. Known
methods include forming 300 ceramic mold from a slurry and thermal spray
30 forming. Ceramic mold 16 may be formed from a slurry by dipping and
withdrawing mandrel 12 and extension end 4 into a slurry, or by spraying a slurry
over them. Ceramic molds formed from a slurry exist in a green state, and it is
preferable to include an optional step of sintering 250 such molds prior to melting



15 extension end 4, preforned nold 16 ' having a nold cavity 18 which at
| east partially encl oses extension bonding surface 6 and i s adapted
to define the shape of integral extension 20, as illustrated in Figs.
8-10. Mold 16 ' wll preferably be a fully dense, sintered ceramc.
The requirements of preform ceramic nold 16 ' are essentially the
sanme as those for nolds formed in situ, and 20 descri bed herein, and such
nol ds .16 'may al so be nade fromthe sanme ceramc materials. Preform
nold 16 * will also conprise at | east one gating neans comuni cati ng
with nold cavity 18 '. Such nolds may al.gg.i ncorporate features such
as a cont am nant relief nmeans 36 '. Mold 16 ' may be fornmed using well -

known cerani c . and a rat uses. ef or ned ld 16 ' ma e 2
N bachod o oxtDRolBr ! 2008 Fy Brordet it aerashalmaongly apd ROPAGsuch as
an I nter fsmeagmeoffthé ;maidy FHorming r300f mage alsa rtoowplise themnaingmay teminges; t he
use of C ' ' r urr l.e d

any conbi nati oﬁjsm& &elpﬁ'ﬁgﬁe@?t?é%é%é&r?dlgsnalgon th'%y' 5 Wdl O%em 4 l"géelr am c ’
and the net al | ispray forming typically mag aisp heam@r«brbuatw&em whan@temh wokidown. 30

The method af tt{Hvé duftiéRnt h@enami seet RARludeas @%n& owﬁw& that may'tR! at ed
art nmethods of form ng extensi ons, suc a/aﬁ,% ose descrl bed in

U.S. Patents 5,464 t@?f"‘dﬁgdéeéﬁﬂ“@ﬁ“mmﬁdp"'vf*eﬂﬁ@ﬂ fixtyres, calgia s i ¢ s

over t he Zcbaia. NBéIBAIdn dfdhe CuMIMIE Matdria WitEbé @dnefsof & 1ol exisutd1thendl d
does not require : . . . -17-

the separate na‘fﬂmpaﬁ?‘lﬁ%d 5?°|%P d\gthatﬂﬁ skﬁeé%lloy o°|I agg&ehz &n? fr%qjtgﬂtmaé?r% 2‘gl'nd
shape of t peatichissly rsodaseiot avoitd contarfinationtdfingolter tnhederiab 26 e extehsian BDl ity to

easily adapfg t O, s gag E&ﬁ&ﬂﬁﬁ’ity \ﬂll bi§ sg&sfo%sﬁ}’; su?i‘é"le gﬁﬁﬂcéeéft 53bQMhic

Further, this ne , e ext ensi on,
to be i ndexed t®ateral @x‘hérﬁ‘te@ﬁ%@ﬂé 4‘1'5"5 i“tegi%lr"f‘%ﬂ%elﬂpe‘m 500, ihelglingh@0Gsj ze

and shape of t hgnd'Sdheiyfig in ehn fmvdtei 706 .@aaa.ﬁdrpua%i:sunng smem m\éShén%al he
ext ensi on bondi n

f ble t
as to cause theSt ot a*@oWQWé Lﬁ"@é °f§U S‘;’jflg %?ﬁ‘gg@@ﬂﬁ% ‘“Y"r\‘éﬁ A offer

communi cat e t hramﬁatubm considerations atsod Mald 1é has atmald cavitp 18 aithal shape that i cl e,

o Darser Hofh i sl B lpih" i RRFRCIZ by Obrds Hafie” atied | o1 2!
Addi tional |y, usef mgidtdavity I&wdefmesm shiapejof integral exiepsion BDe Mald 3@ mayixist he

entry of the noL{gpe %ﬁ?ﬁdoﬁé diéUeO f erlﬁ'iﬁiltg Jf*]ﬁéb'ég hdéﬂ&ﬁdin? on thgaéhlaﬁﬁ offeans,

thus providing a neans tor control

material is int MeAdekbd6 @apdihow %@ﬁﬂﬁﬁ"ﬁdﬁépﬂﬁdmﬁé@m'%ao%eM?éd 16e
I nt eraction of Hige nseldteéhstrahegaﬁﬂg MBshs P2 tHaK teMmuitatts With ebld avigem. as a

h f th
ant o 1535 Gl a2 5o e, ek 28, Bl 48 Syt
entrapnment of gaxheesion bonding swtake 6. clordnanamtadingent, rgatihg: meahsi 22 meay simply

resul tant extengpQfly ofdhinigin'tie %ﬂ? of mold @?@%ﬁﬁfhéﬁﬁ {rfnecé&l'ngaisﬂaﬁgr§8 fbed art

met hods.
fol l'owi ng any oftasé®wastionaleshape of e&P"%i‘P'h? finds Shawn 'Nfégﬁ'l@ﬁz%t kpanothes ¢ he

st eps of i nt egr ambGBiREnE lgati®] inearts 2dfhay be a restricted port, that serves to control or
25 direct the flow of molten material 26 into mold cavity 18, similar to gating means
used in the various casting arts. Gating means 22 may be formed during forming
300, such as by adapting mandrel 12 prior to forming so as to provide such a
means during forming. For example, the mandrel cbuld incorporate a feature
that would form gating means 22 during forming 300, or a member could be
30 added to the mandrel to provide gating means 22 during forming. Gating means
22 may also be formed by incorporating a material removal step as part of
forming 300, so as to open a passageway into the mandrel after applying the
ceramic material to mandrel 12 and extension end 4, or by adding a member.



hol\di ng 600 (see Fig. 3A) and solidifying 700 (see Fig. 3B). Integral

- mandr el mel ting 500 conprises Increasing the tenperature of mandrel
12 until nelting begins, and heating until the nolten material 26
havi ng an al |l oy conposition that is conpatible with the superall oy

conposition of article 2 contacts the extension 25 bondi ng surface 6 of
extension end 4 of article 2. Integral mandrel nelting 500
est abli shes intimate contact between extension end 4 and nolten materi al

26, such that various known heat transfer nechani snms occur, and the
t enper at ure of article 2, and partWcul arly extension end 4, rapidly
begins to rise to approach the tenperature of nolten material 26.

Intregral mandrel nelti nEor 206bs wWhdfk a argeNwitibehnes xhytrféahﬁnt %k;ﬁﬁn@ﬁ)na” icle _
2 at extension e d 4 so|

th
desired depth € 'r?tﬁ"f &ﬁ‘%f’sﬂ"ieﬁr’ ‘%8 'Pﬁt&{"cvﬁq"?'e \Fé\dythﬁeﬁeéﬂ'alcnj‘" ptiona on
numer ous f act caddijtionrtolthelipnapessihg mayt ber berafficiah AAfter attadchings 20t nandret $2,5i ze and
| i1 .t h 1 f terial,. th
gonglygurat o CRUPESold Bhmirg"Sod BB MUIL 18] a Babiy k! S bbred®esd ™t e
ext ensi on énd mandselgl2 and exiensiparendsugfaes &pIbig coating isvierapasany andds Heed num
dept h of @oirb&e e{raa@bémeeaﬁnéwldndm@utyeége ohudld Kb B¥elch grouUNnt oOf

melt back desired xt ensi an. end t ak |n1g‘; i Nt o account factors such
as those not egthermal growth of the metal W““'WFP@W%%P re Y1t IRgJnetdlAoes Aat al | oy
conposi ti on t hgdnetdte Etresseﬁmwhlwﬂum fradtdre tthe ceramier durih@ Yieatingp Ochiet doatingdf  t he

article. Mlten ter| provi.de f a, o nper -of
known net hods, |s§ P oR "8Y° eﬁg@%&ommg%ﬂ gfﬁ"ﬁ%m%'ddﬁj@\%f %gaﬁl ?96 "%l ectron
beam heat i HYy, thickeessiudaboutd.001 tot dbout 8.4iinchies enay be suitablaodepen@og bn ftiemt i ng
for nost Superﬁk B¥/the Ytlcle Q{d%é'aﬁ'@e\écé’ﬁn %Qﬁ‘sudnﬂ a protective

at nosphere such as argon, I n vacuum referred nethod of 10
provi di ng nolten materialn EG“B?" enhagiifaent of msweﬁhsdtobtmwvantwnom teRiuct i on

heati ng memmg?:adoofhehsaﬁmiwmomnﬁkay DePRplagsdn Lacbtelpeat atfdhing £N
encl osed chanber at rmng?aé as . strat ed in

o SR e Slstared aramic, oala®®  BvER O it ot el Sitiech Ll on o
nol t en mat hﬁi abxtaﬁswm ehd 4f prefgived imold 16 * hamngszt mbldecvity 18 Uehichsatiedst ogen

and oxygen. at%hbp&&%ggo?*léﬁs%ﬁ Béncﬁﬂ Eﬁ'ﬂac nHBIE eard.aﬁéggft?ctﬂagiﬁg ey be

conpati bl e W|t superal such t hat
the remaining shmgsot)fntqml ﬁ’éemﬁm ®P| Bs p'lltﬁtfatsd innlfiegr&-ﬂoexMeH'slﬁ)h will 20
on article 2, B%f&ﬁ&?rﬁebﬁchfﬂ?'dgﬁﬁe. (isredl deYamibh e ré”cﬂf}&ﬁéﬁts% dr&bﬁn
i nvention, npat i bi ity means some continuity or simlarity of

crystal struct &?‘@’“‘%P‘SI 1Isu i e%ﬁenhally the same s thpse fop molds fermed insith af‘ﬁe
article angot heewﬁbemﬁe:@m aAd sdeH mowds f16 aay Aigo BB InieRie fﬁﬁh thelgahrR! defamic

Compatibility es _t hat ith all o dve af fects the other,
whether by dupPETAE bR g B Lo 'Bnss o ifael one it aette o
enbrittl enment, communicating with mpldtcavity 16 &s8schamolds imagialsocincarporaterfeatuieace 28,

or ot her\gua@as Qoé&@nh%] et anabé;" MO Y6 © F}Hg ble! (Bniedil dsiHy Wéli-
di scontinuities in anlca S|cal erties an
net al | urgi cal dNPYRtERTAMISeMRtOLS 3nd @PE"“’E‘“EQS "E’&@f‘eﬁgidow ba@nay be

Ul ti mat el y25comgaattiddi toidxensiohitenb e dBRSatiyeslitible Waﬁ@ lfdPBdttéehing. such as hh an

~extension 20 ofj o 2Ll G SN 0P B HeiRicd’ SHBnRBnE Hebds! B uRe

ceramic binders, slurries, cements and similar materials; or any combination
thereof, depending on the properties of the ceramic and the metallic article.
Such means for attaching are well known.

30 The method of this invention includes features not found in
related art methods of forming superalloy extensions, such as those described in
U.S. Patents 5,291,937 and 5,304,039, that vielded unanticipated benefits over
the prior method. For example, the method of forming the mold does not require



alloy, if the article 2 wth extension 20 grown thereon is anenable to

. subsequent manuf acturing operations, and if article 2 with extension
20 perforns satisfactorily in service when conpl eted, then it nust
be concluded that the two alloys are 30 conpati bl e, exceptions to the
precedi ng generalities notw thstandi ng. As used herein, the phrase
"nolten material conpatible with . . .0 is taken to nean a . mat eri al
or alloy that neets the preceding standard for conpatibility, present in
its liquid form Since both the ¢ r_’ystal structure and netal |l urgi cal
structure of - 19 -
extension 20 may be different fromthat of article 2, a wide |atitude of
conpati bl e the geparatg menuéaciuse of mplds gnd gies|fer éash d@tfegffn&éﬁe@nﬂ isbane of

dependi ng on g &%9&&%x@hs.on Trﬁerrmt metﬂoutafferrsew.s.ﬁ@ 1BC4AF RabfeAT ti Cl e
and t he extension. where'it is desirable that

the crystal st‘f”&ﬂ@?ﬁr'@ thol‘hﬂe% of tpg,pgr‘,)%gpxtgnsxog.t Fugthery this grethod earats fhexo

cl O\?\lﬁl y match mbldi @lvgy,Zar(dtetms ,th@ﬁiﬁﬁsmﬂgfoebee![ihdeﬁeﬂl & the exterﬂ;idgw\bdihdir@ deSi rled
or ere ext ensi on S SQ._hayv I r 1Lon ent e rysta
ot ructure) S ¢ nirt By sflnothe S 30 ohess o bl and ol Rpositonedy e
nost desi weltive ta thatextensiom bbrdingcsurace.i Funhar,of isrpoissigia torfirmrthemoRb be t he
Same, or very s i Thbdd tltoé) mé%% %veﬁrfkéﬁhe% %ucﬁoés' BhiGloeRRY, | that | ons,

where it is no necessar er the'crystal strdcturé and
met al | ur gi cal %QWD'(&'I"EE*%"WUQM@ extension; end tﬁé‘@&:ﬁteﬂﬁ@f a hollow gtjcie; such s .

cases where ang ®ftidedwhich @viias Me ﬁédeyéiiyttrmhéms@bh@acnﬂaal ot Ba@iidr inflienadls/
oriented c stal structure is fficient) W '&9 E\de w | ngenﬁgally be
wi der, suc during Watfof'??éwamfdﬁe &xiepsien-  4dittppa g tis) igyenBgnpihis pe
“quite differenpodsibtantd bexitrobfthe entry ofittiel mbken2matdriabintd thesmole thqobh ¢ldd | ons 1t
may be desirablg. e t / gi cal
structure that b%? b]gte‘?az\\é's{?ggf @"ésﬂ '%?“’léfor Fcﬁ\tt{ohlﬁé “{ewq “R‘Chrm% ﬂlo t'!!eﬂ in
order to devel oytetiaf fierigtrodysedptor theesxteosuddb@ngusnﬁmmndr @qmer dhent s.

For exanpl e, | jndfBdtidaCodeR Fn%i{bﬁ rﬁaﬁen‘iﬁvﬁdatﬂeo)éﬁénm%H&iné‘%ﬁé&ﬂ‘%@%d creep

and fatigue_resistance in the article as conpared the extension, and to

have Ly, gﬁE‘?“’%@&Yf"f%lW"ﬂ?l%P&fﬁ of\lspetitesigidcef WF f"H%"t@Rt A ioptienally

illustrated byircb@orfle a fumtahihatni lidti Heansd Aol BB, eritrhpmemrmogasés op of the
superal l oy of the art e di fti‘erent fF at of thhe ext ensi on

grown on the af e&f“@"*%ﬂ?’lqaﬁ" ntB?t'Bﬂ ; and Frartegwfaé' ﬁt!lS\RBvé’r'" a¥ P'éported
i n the refer enadentageant sacited irf relatad arhiethpds. conpositions should be

selected so that the cr yséé?émﬁé gﬁﬁ wﬁgﬁf tsgeamdeqabwcﬁg%b c?g"°".a{ g“"?r ow

integrally_ with and continu rom that of the’artl hei r

conposi ti oR@l @f sintarlen 259, thPhﬁ\eﬁ sispe a5 the staps of integsaicmandee) 't‘%!ﬁ'%eﬁp
epi t axi al holditrig\6db (sba #i#]eag%esm:amngt 6o measuaataa)nvmgm Mmarddfdts woul d
al so describe a ﬁ??g r? &gr ee of co % nngF \A@gn t he
al l oy of arti clRetNG,FRP comprisgs fnctedd lr‘ge e‘ﬁg‘Pﬁ‘ﬁ% "e' it 8ni zed
that the cryst degins,ramit heating until ttee meken matedal 25! having an allby ucrhpUsmonfthain
article, or bot 0 and
that refer encesipﬁo'néaﬁb}éf‘gxq &{e g(pggr'%g& g&ﬂ:o%ﬁio%%{ \%Igﬁ hé L c(?{]g}?l eext%% "t he
ext ensi on R&f erbopding suyiadel § ot extensinsaendot of chbfZ elntegnel inanded meiting S8Rt ensi on
end 4 of establishes intimate contact between extension end 4 and molten material 26,

such that various known heat transfer mechanisms occur, and the temperature of

article 2, and particularly extension end 4, rapidly begins to rise to approach the
temperature of molten material 26. intregral mandrel melting 500 is
30 accomplished by maintaining article 2 at extension end 4 solid below the moiten
material 26, with a desired depth of molten material 26 that will vary depending
on numerous factors, inclUding: the nafure of the article such as its size and alloy
composition, the temperature of molten material 26 and the configuration of



article 2. - 20 -
The step of holding 600 the nolten rrandrel agai nst the solid ext ensi on
end 4 for atine sufficient to allow a portion of extension end to be

- heated by and interact with nolten material as a mcrostructure growth seed

IS an I nportant, and highly variable step in the nethod of the

I nvention, because the 5 anount of interaction and the degree or extent

to which the extension is to serve as a growh seed may vary
considerably in accordance with this nethod, as descri bed herein. For
sonme conbi nations of materials, apparatusi8and process conditions, a
sufficient tinme for holding 600 may be essentially zero, as may be t he
case, for exanpé,@ensmeerna £(d. I@ﬁat\@lrs\as%rméﬂpear&uptwhefem ﬁkeﬁa&hu@memt ween .
10 article 2 and lten rateria IS necessary duce a continuous,
't egral & RRURS reseBO 0l REnedei 8 GEH BE B bt el CashsGISd) 6 i ¢ h

that of articl eor?exaitbion end 4, 3aKirlg inlocattodn® fabidrs Sich dshthogeasptdd: ement s of its

i nt ended application. For | i ¢q n e | ar ger
interaction is desirable, M§B§ e?ﬁ 2 gr \‘I&t a‘@’g é’ﬁiat?‘g&i%é’&%os'%rpqﬁé(tt ensi ons
20, it is arki cd:qmnatihletwtatthasmaﬂpy: pemposttqormf fherartigipii MpRanamatesial @BImay f or -

most 15 ConD! Bapk&itedOsify tabglcﬁ'sa fapﬁkbapu ﬁno»ﬁsﬁwemkssu&eaé Q8G&fhncaPer haps

as much as 30 i cati ons where | onger tines are
expected, esti nb&aélgg-dﬂdqcﬁ@" heatiag, e'edfO“ri@éE‘s'%Qﬁ'S}g daser B@atﬁ‘ﬂd% offier gitabla at i ng

the time necessgglholls. "Bldh Ragtngt e most sup@&ﬂbﬁ@dﬂlpﬁféférﬁﬁlycﬁe ASRE S 10N end

4, using known or neasured heat tran gr a{ 4
Ahd ol Len mat cPRROHY HimRRBRTa uE B8 AP0 hiRdie. TR PRPEd BR800
wi || al so bl af preéiting nioitei Imateﬂatm)df Nistase ailtoysiisitoagea known dndaktiomeieating
500, and the ti n%Fk%t jl:.l» *o%%gatﬁ\ #ﬁnﬁgﬁ& eatin irno?n ?rhcg)sed chambler{ M my

be desirable to U I'ze nmean ance an _ eraction
of the article amntaﬁmomtaarasn!mwmﬂ incftigs. rag\ a«m 8B+ aThisrappiratus (hes ttheg

500, hol ding 60 t t 0, faFRiog! ol ing
or 25 bot h, agd ggcbrgl Eﬁ 3%@?%?? rQEctfégg?ft {ngﬁémﬁ mang w@ﬁ??'t‘%%f‘gﬁfo
provi de ot her kGeARktuents, suctyas itragen andsoxygen. i Thg ‘EJPVCWHEPS'Q‘QH PEMOBBN wi t hi n

the nolten pmt efiafdrial @6 Raidt Gty e &dmpatible with ke %ﬂﬁérﬁlld? cdmﬁbbltlaﬁ dbthe
ul trasoni c agitatj eqr al

mandr el begi nni ﬁﬂ"’%l syghthat,the pamaiging steps of ‘Bﬁ&'ef'}?g 'Sﬁ m?‘?%gvﬁ*f*egﬂ
ext ensi on 20 i s 2bannasticler2, gs dascribad delown sGenerallyd |n41he caa’ext dRehie rinvientipr, o

ot %ot on onoRPih Mpft, AAR, SOTRG A SR e AR S
material 26 to $HUGHAE; gr both bplwegn g sitidJe apd the exipnsion selidified from thedrplteRem as
integral exbensingilerdd CRMpAGLII 6156 Hhilles ithitheftifertallay advarsely aMRbls the otiek, h
directionally whether by depletion of alloying elements, contamination, liquid metal
embrittiement, formation of brittle phases at solidification interface 28, or
otherwise. Compatibility may aiso imply some limitation on discontinuities in
mechanical and physical properties and metallurgical structure between article 2
| 25 and extensiori 20. Ultimately, compatibility must be measured by performance.
If an extension 20 of one alloy can be repeatably grown on an atticle 2 of another
. alloy, if the article 2 with extension 20 grown thereon is amenable to subsequent
manufacturing operations, and if article 2 with extension 20 performs satisfactorily
in service when’ completed, then it must be concluded that the two alloys are
30 - compatible, exceptions to the preceding generalities notwithstanding. As used
herein, the phrase “molten material compatible with . . ." is taken to mean a
material or alloy that meets the'preceding standard for compatibility, present in its
liquid form. Since both the crystal structure and metallurgical structure of



-21 - oriented mcrostructure 10 of article 2, whereby during the
.step of solidifying 700, article 2 has a tenperature gradi ent such
that the tenperature decreases between interface 28 and base end 32.
-Solidification 700 may be done at any rate, either fixed or variable,
t hat produces the desired mcrostructural 5 characteristics of extension
20, as discussed further herein. The rate of solidification 700 wi ||
depend upon the solidification characteristics of nolten materi al 26
on article 2, and will depend upon the alloy conposition of both, the
tenperature of nolten material 26, the-.yygnaperature gradient wthin article
2, the tenperature of interface 28, and other factors. As integral

extensi on 20 'e§tef19§r§r5§ gi'ag' be err%}tff‘ornr am(.i?otzﬁ'hclé b er @tg% B%ﬂﬁ)aﬂﬂet he -

shape of nol d cavi S an
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be different from that of the extension grown on the article from the molten
- material. However, as reported in the referenced patents, different alloy
compositions should be selected so that the crystal structure of the extension will
gro\)v integrally with and continuously from that of the article, despite their
25 compesitional differences. This mode of growth is sometimes termed epitaxial
growth. In the context of the present invention, this would also describe a
generally high degree of compatibility between the alloy of article 2 and that of
extension 20. Also, it is recognized that the crystal structure or the metallurgical
structure of an article, or both, may vary from base end 32 to extension end 4,
30 and that references herein to the compatibility between the article and the
extension refer principally to compatibility of extension 20 with extension end 4 of

article 2. '



- 22 - _ material 26. For purposes of this nmethod, article 2 and nolten
material 26 woul d be held stationary and the power to the heating
means woul d be increased and subsequent |y decreased. Applicants

- believe that it is generally preferred to control power rather than to
control position. 5 An illustration of one of the

possi ble results of the practice of one enbodi nent of the nethod of
this invention is shown on airfoil section 46 of the type shown in
Figs. 4 and 5, as extension 56. Extension 56 extends from broken l'i ne
52 which designates the interface 28 withjyn original blade tip 48 from

whi ch extensi on 56 conprising new blade tip 48 was gromn accounting
for the nelt 10 back which occurs during these steg é
fragnentary, diagrammati dhe step \of d@iding §9Q; thesmolien mg 5185&831[‘?‘ thﬂ85°5 a

growt h seed re%sdehﬁoﬂ. Rn& @l fodl aClith@ BEffiGiBnt0 allow a ponibm @t ax:eammabnd)hcebe
m crostruct ure, es nul t. (aqggaed

d
grains that ar é‘e%teﬁﬁﬁlaf‘adﬁ?rﬁgﬁm n@#& 'V%?'é Faf rwcrtoF'tr\Fch g groygh ?%e par ent
bl ade tip 48. Idportant, and highly variable stepiihgre methad of tiehigventipn,jwecaiserthef a gas

turbine eng§ ne grigg{\ C&%tﬁgctlon and m&%@&&; r %Q@Wﬂo'%léhhﬁ ek RALIE 535 Yeivb W Of

Fig. 6 and ona View o ng section line 7-7
of Fig. 6. Th| st 3 geoveh seed may Smﬁ*é%faP@f'Era\cé‘é{dPWea‘g‘th this ‘methodg @§eal er
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or rub on an opposing nember toagr a zero clearance condition As a
20 result of SQRHteNs érqugp@,%gmeﬁ rtl‘%‘ﬁ'éq gpo F\%bﬁsesé?"ﬁ L EEO $H™E "Can be
abraded or the @ase god exdmite, whérbatelagtivel smatidmatnhdt intevagtioaibrelweene

ticl t d
Pont 1§ bute 1o (A1 2 dkmapen, rafL 2¢'sAco el lo GRELA S ShunGal, Bikgare
i nvention can aémdoe agskavingca migtestructurecthatdia reameatible with that pf %W?lﬂ i2ndndan
extension in thgaRangy irBIBNS of %ﬁﬁéﬂde& Qaéllcﬁiﬁrﬁnﬁdr%{:ﬁ&tl&ﬁ (or

extensi on 20 when consi dégl‘l ng ébﬁﬂ' nore general description of the nethod)
in this mmrandergﬁayme@'taaﬁ i'ﬁ%’?@ml'ﬁ Hesiraplg, ?Hchtq'?éf‘e gevth gheriiexigl ade

tip 48 conprisi &gensions 20PR Mg mﬁfpaiedrthdﬂéﬁmldeﬂ hmé férf'millslﬂhd)rdwmxtoemt)n 56.
| n order to%ormthe exte

cont act of
mat eri al cPRINGIRAtiong;9 %’Hgﬁ?f ﬂ"%@°5%ﬁ“é'§ﬂgs' be ‘°"ge{r' perhaps as Rlon® '\sfﬁen ri.m-
58 is narrow, OfminitesadRor epplieatths wwheselohgerdines\erd xpdeted Sdstimates of thettingn of

rimsg, wth mltel ?s{]:gtc%w @4 lgpgélgulgﬁgl {nd! lfl’ﬁ% é\@@égsﬁ rof tl'\Ht 3back tne

controlled in ofH& avoi d | cu
wal | 62 desitedi prstisre of @x@gsigmmdas mmvg\ PR "@ﬂasHGF’e'Z@al‘ Hansfer
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One enbodi nent o nmet hod of the
- 23 - 20 holding 600 will a!so be aﬁected by the method used for integral mandrel melting

500, and the time utilized during this step.
It may be desirable to utilize means to enhance and control the
interaction of the article and the molten material during integral mandrel melting
500, holding 600 or both, such as the use of supplemental heating, cooling or
25 both, as described herein. In addition, it may be desirable to provide other known
~ means such as stirring or other agitation within the molten material, or agitation of
the article, such as by ultrasonic agitation.
Solidifying 700 the integral mandrel beginning at the extension
end the step during which extension 20 is formed or grown on extension end 4.
30 Referring to Figs. 3A and 3B, solidifying 700 comprises reducing the temperature
of extension end 4 and molten material 26 at a rate which causes molten
material 26 to solidify on the growth seed at interface 28 between them as
integral extension 20 having microstructure 29 that is compatible with directionally



preéent I nvention provides for formng nold 16 so as to cover and protect

such features, as shown in Figs. 7-10. The
presentation of Figs. 8-10, which are shown diagrammatically in
section, shows a sequence of the practice of the nethod of the present 5
invention illustrating the repair of blade 42 having a hollow interior, as
shown in Fig. 7. For exanple, such interior can be serpentine or

| abyri nt hi ne passages 70 in a fluid cooled turbine blade or vane 42.
For conveni ence, sone of the reference nunmerals are the sane as have
been used previously herein. Fig. 8 -2%hows rim58 in contact wth and

partially rrelted back by molten material 26 from 10 the original rimedge

shown as broken, | t?g chrﬁstiuctu@ g(éotg arti#]? I2t ng'(é& Ql?rﬁ?(iﬁ@&eﬁé?gohdlfym%fl?ﬁ t her
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gradi ent withi nc&ﬁérls@'aemé’aﬁsr(ﬂét sHBYn)xer Hdkﬁﬁ@dr @’ﬁ)piﬁg article 2; @ diie @tand @ioneen
i nterface 28 and ba
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tenperature gragy fomin the tnfiolten anajeniet 126atHat ¢ eondected lto the boldiag mieaost aid 8 he
tenperature 24 -

of ol ten n%?erl ﬁani éor %\trollll% r(not sh Iq? dt&(e: tm<\>/tiotn of the dnve n'feani durilhg these
configuration, steps. Attidie @i may bqﬂeldmﬁinmmwebtemaﬂsrtorasrinpmgéhg artidee rat e

of wi thdrawal ofg ?Lhé &h&wrf gfifsing fbaurésté}eélarﬁﬁﬁé ?&e%hadié]ﬁé UM&aleEmelting

configuration of par at us use gJ e
presence of ext &@faholdiig 689 and ﬁ@g‘m\’mj’ 390 c‘fﬂ'ﬂl p?]gdqnﬁagsi%fnbgutomae

programmable, computer-controlled drive means, similar to those known in the art
25 of cl;ystal pulling, such as those used to perform the Czochralski or Bridgman
solidification processes. It is also desirable that the apparatus used to contain
the molten material above and in contact with article 2 be isolated to the extent
possible from uncontrolled mechanical vibration. It may also be desirable that the
means for controlling also be adapted to adjust the motion of the drive méans
30 based on other calculated or measured factors, either fixed or variable, such as
the temperature gradient within the article, temperature of the molten bath,
temperature at the article/molten material interface or other factors. The steps of
melting 500 and solidifying 700 may avoid movement of article 2 and molten



5 applied to article 2 during these steps. As is wel |l known'in the art of

solidification of nolten materials, such as superalloys, the thermal
gradient of the interface where the solidification is taking place
effects the mcrostructure of the resultant article. For superall oys,
relatively shallow thermal gradients, on the order of. 10 Clerr]/cm

tend to produce less directional orientation and nore equi axed grain 10
structures, due to perturbations resulting in non-unidirectional heat flow.

St eeper thermal gradients from for exanple, 25-150 (Jerr]/cm tend
to produce conditions at t he i nter@ace which pronote the dendritic
solidification of nolten material 26 at I nterface 28. The tenperature
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Ref erring agai ot éxtdrisdn.2034henrsdnsiBeringithaViviole §dnefal BEscripRMTitkefelhigd) in
this instance may be an extension only of that portion of blade tip 48 comprising
peripheral rim 58, rather than solid extension 56. in order to form the extension
only on rim 58, contact of molten material with end wall 62 should be avoided.

When rim 58 is narrow, or damage extends close to end wall 62,

30 interaction of rim 58, with molten material 26 should be limited and carefully
controlled in order to avoid damage to end wall 62, particularly if end wall 62
contains features such as channels 74 or holes that communicate with a partia"y—
hollow interior, as described herein. One embodiment of the method of the



10 those skilled in the art of solidification froma nolten nmaterial, that

the surfaces of an extension formed using this nmethod will generally
be in an unfinished form and will, therefore, frequently require the
use of additional material renoval, surface finishing or coating
steps, such as grinding, machining, polishing or other mat eri al
renoval and/or surface finishing steps, or spray formng of a ceramc 15
.coating, in order to produce a finished extension. Exampl e 1

An existing blading nmenber in the formof a turbine bl ade nade : from

an alloy conposition of Ni-13.7 Al-7.9 €e312.3 Co-2.1 Ta-0.1 B-0.9 M>-1.6
WO 9 Re-0.6 CG0.5 Hf excepting inpurities, in atom percent, was used as an
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partially hollow airfoi e aving an ou
seed, interaction between the molten material and growth seed need not include

25 complete melting of the growth seed article end. All that is necessary is that a
condition exist at the interface to allow crystal structure growth across the
interface and into the molten material.

Referririg again to Figs. 1, 3A and 3B, the steps of melting 500,
holding 600, and solidifying 700 extension end 4 from molten material 26

30 establishes a temperature gradient within article 2 that may be viewed as a
gradient between interface 28 and base end 32, wherein the temperature at a
given location within article 2 decreases from interface 28 to base end 32. The
temperature gradient within a given article 2 will be a function of the temperature




15 contain a blade tip of a type described herein, only because it did
not have an end wall. However, the configuration was such that the
wal ls of the airfoil section had a thi ckness of approximately 6 nmm
whi ch cl osel y approxi mates the peripheral rimin a typical turbine

bl ade having an end wall as described herein. Therefore, this exanple
cl osely approxi mates the m crostructure and geonetry of 20 typi cal
turbine blade tips, and serves to denonstrate the nethod of this invention
for the growth or repair of such tips. The article used had a first crystal
structure in the airfoil section ceaprising a plurality of
directionally oriented el ongated grains, and a first netal |l urgical
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IS S|gn|f|cant In anl ca
than the extension end. These optional steps may be used with any or all of the

steps of meltmg 500, holding 600, and solidifying 700 described herein. External
means for heating are well known, such as the use of a separate induction coil
positioned so as to heat the extension end of the article. External cooling means
30 are also well known in the art of solidification, including the use of chills such as
water-cooled chills, metal chill plates or other means. Such cooling means would
commonly be attached to base end 32 or transition section 34 of article 2,
however, a chill may also be attached to the extension end in circumstances



20 properties, since the nmetallurgical grain structure of the original

.article does not mat ch the extension or repaired area by use of nobst

rel ated art methods. Even where different alloys are selected for the
body and extension, it is anticipated that there will generally be a
gradation in netallurgical structure in the interface region as a

result of rapid mxing of atomc species in the |iquid adjacent to the 25
solidified structure. Even though nost related art nethods are practiced
with great care, there is a high likelihood of |ocal surface
irregularities and small m sal i gnggnts between the body and a
separ at e extensi on t hat may result in sone sort of | ow angle boundary
bet ween t he t Li kewt se hogd t hat
cont ani nat i ng ﬁ‘eﬁtf?ge'f'?aw@r's Bgtrl?e"\'ﬂ W‘t"'z%%%hgs P?'B?Jbgfdé‘f* ”icl‘f Q&l?
interface, t hesteqabynaryelaé(esadm dohtzoljthe t&mpeﬁduhetgrmdimuaybomhbe irﬁérhbedndrt
practices for in th aﬁglgal ring such an article usually and

di sadvant ageous y T 0S6 t he passageways : as the nmolten nmetal flows
into them and solidifiest maydbe idssisablerden serme pontigurationg efr article s anlen are

required t§ regpdhaliti Blaﬁéaéi@dﬁamsthls method, to rer)eat the steps of melting 500,
-28 - recedi ng exa enonstrat ed that
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irfoil, b t h I ded onl

xt ensi on, 1t SREE B SRR shaRgE ool SRy kel Can be
expanded to | ncl ude t he Befatingragain tgrFigst BAcafndrﬂﬂ,ntl\ﬂillelsemeenesmgnimd byuch
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for repair of ot |rect|ona oriente es havin
passageways, A extersion (om;gq using thiﬁ,gwggod will generally be in an unfinishedfoeM.so not ed
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structure of the ex be subst ant as t hat
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t he @t e&gﬁ‘; l@gﬂeﬁﬁaﬁ%&&gﬂ?ﬁrﬁéhgh%xqeﬁsigfr m ssi bl e, and may even be

preferable I n I's resu ey al so be applied to the
utilization of Examelesihod of 15  Applicants' invention.

The method of this invenih sl oiddy AR 1P heBhPePa @b b blade madee! at ed

nmet hods for prow din % ext ensi ons cle such as_air | n sever al
respects. fok icameosiinn °fh'?i‘v1é3 7c 6%859%20%9*%1"!'91193 -0.9 Mo-1.
characteri st | cw-o 9 Re—O 6f¢-0\8 Bhaxeepting inyurites, an ditdme perieht ay @bk an

For m t hem2hna B30t beiihess,pn 13U ahysBenton aording  ReRSRSE BLINY o+ he
conposi ti ons oinvedtienar ini thiscavatuationyiit was ldesiresi to adtidend extéhsian to the airfoib| ded
el o ng el 1 HAUBTISR Mol Al et W 8, 39017 o
di rectional | y and descgbedoharel. rihe rgjerpstiietuie ekthisroast biade prmprised a Pl t he
met hod of thi sof dietidrialy solidified grains, similar in orientation to those illustrated in Fig. 4.
25 The material used as the molten material had nominally the same alloy chemistry
as that of the blade. A charge of this Ni-base superalloy was placed in a water-
cooled, copper crucible that was located within a chamber that was adapted to be
filled with argon gas. The chamber was filled with argon.' and the alloy was
melted in the crucible. The superalloy charge was melted in the crucible by use
30 of an induction heating means, and heated to a temperature of 1400° C. The
article was positioned within a holding means comprising a bolt to which the
article was welded that was in turn attached to a drive means comprising a
threaded drive rdd with a digital encoder, for melting, holding, and solidifying the



25 Di ffusi on bonded or other bonded extensions are known to have

I nterfaces that frequently contain defects, such as voids and/or |ow
angl e grai n boundaries, as descri bed herein. Thus, the interface

bet ween the extension and article may be weaker than desirable for

certain applications. Related nethods for casting extensions that are

al so referenced herein, utilize different form ng nethods that 30 require

the use of additional devices such as ceramc dies, die extensions and
means for pressurizing the nolten bath fromwhich they are formed, that are

" not required for utilizing the negheod of the present invention, The

fact that extensi ons having the desirable mcrostructural features

descri bed her ehhic yThﬁ rwe eans was ];nterconnected to a means for controlling the
-29 - formed wi thou e use of such additional devices, thereby
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age over these rela sting. e si_ons
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osed appar ent
those skilled itwe eXensiontfronnihe superalloyanélat Thenkjade was thag) witdawn bamowing ar e

i ntended to be étegﬁtoaﬁ)ﬁésﬁﬂltb& Tah{’atéBﬁ'aBEro§ﬂatélPr1bhmmnln hevidaRaal @hd
What is claine t ho provi eé@lcﬁnan i nt e(F:;raI ext ensi on on

an article, corf‘b'l‘?‘i’t@ﬂ1"‘|'g‘;°!“I’\‘E"a‘t§'f"éH’§s 6?“"““9" Gl &B| oy obgpoyt Bimm/min. d8dr i si ng
an extensi Q0 emdenhsolidiidgda his atlowed isanakteAsiomeao Sdliddy tiaviigothebsameng

surface and. aprc]:lycrcg'gttaﬁne dlreclflonaqu solldlﬂeg crys?a(ii strtpc¥ure ag r‘he blade. The extension
was continuous and-integral with the extension end of the article.
The article generated from the practice of this invention included a
base and a partially hollow airfoil section having an outer cross-section. it did not
15 contain a blade tip of a type described herein, only because it did not have an
end wall. However, the configuration was such that the walls of the airfoil section
had a thickness of 'approximately 6 mm, which 6Iosely approximates the:
peripheral rim in a typical turbine blade having an end wall as described herein.
Therefore, this example closely approximates the microstructure and geometry of
20  typical turbine blade tips, and serves to demonstrate the method of this invention
for the growth or repair of such tips. The article used had a first crystal structure in
the airfoil section comprising a plurality of directionally oriented elongated grains,
and a first metallurgical structure based on the alloy composition of the article.
Integral and continuous with the airfoil section was an extension having a second
25  crystal structure as a continuation of and compatible with the first crystal structure
of the airfoll section, and also having a second metallurgical structure that was
also continuous and compatible with, but somewhat distinguishable from, the first
metallurgical structure due to a slightly different dendrite arm spacing resulting
from different thermal gradients used to grbw'the original article and the new
30 blade end. While this example did not include the use of a ceramic mold, the
solidification process described in the example is illustrative of the solidification

processes which occur when a ceramic mold is used. The ceramic mold defines
the shape of the solidified extension.



cross-sectional shape, the extension end also having a superall oy
.conposition and a directionally oriented crystal structure; attachi ng
a rmandrel to the extension bonding surface, the nmandrel having a
cross-sectional shape that is conpatible with the cross-sectional shape of
the extension end and an outer surface that comunicates with the outer
surface of the extension end, the mandrel also having an alloy conposition
that is conpatible with the superalloy conposition; formng a ceramc
nol d over the outer surface of the mandrel and at |east a portion of the
outer surface of the extension end, theayeld having a nold cavity wth a
shape that is defined by the mandrel and is adapted to define the shape of

an integral extension: e infgRhdd lmtw@mhe'amngsa.oﬁ%ali@éd&éﬁsﬁﬂnd't'Ons

by application of an external heating neans
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secondary grain (dendrite) orientation to be grown, unlike the prior art interface

bonding techniques for which such secondary grain orientation is difficult to match

15 in the transverse direction. An epitaxially grown region, or repaired area, may be

formed that matches the original metallurgical grain strugtufe or orientation of the

article ‘not only in the primary, but also the secondary direction. The advantage

over most related repair methods which have eqﬁiaxed grains at the interface

and in the repaired area is significant in terms of mechanical and metallurgical

20 properties, since the metallurgical grain structure of the original article does not

match the extension or repaired area by use of most related art methods. Even

where different alloys are selected for the body and extension, it is anticipated

that there will generally be a gradation in metallurgical structure in the interface

~ region as a result of rapid mixing of atomic species in the liquid adjacent to the

25 solidified structure. Even though most related art methods are practiced with

great care, there is a high likelihood of local surface irregularities and small

misalignments between the body and a separate extension that may resuit in

some sort of low angle boundary between the two parts. Likewise, there is a high

likelihood that contaminating matter on either part will become trapped in the

30 interface, thereby weakening the joint. Additionally, the related art practices for

repairing such an article usually and disadvantageously close the passageways

as the molten metal flows into them and solidifies. Additional machining
operations then are required to reopen the passageways.



airfoil. 4. The nethod of claim3, wherein the airfoil is a blading
menber conprising |longitudinal axis, a root, a tip having an airfoil shaped
cross-section normal to the longitudinal axis, a tip bonding surface and a
tip airfoil surface, and an airfoil section which joins the root and the
tip, and wherein the tip corresponds to the extension end, the tip bonding
surface corresponds to the extension bonding surface, the tip airfoi
surface corresponds to the outer surface and the airfoil shaped

cross-section corresponds to the cross-sectional shape. 5. The nethod of
claim1l1, wherein the mandrel and the art-i2zg8l-e are all N -base, Fe-base,
Co- base, Ti-base, or Nb-base superall oys. 6. The nethod of

claim1, wherein said stemeoareaed.ﬁg egarﬁ.n@ o@ﬁ{oﬁéﬂaﬁemad csmeaSg%mﬁ'&f”y -
form ng or thernmal spra e method of-claim1l,” wherein the

ceram c conpri %?"%P'Eﬁn%ﬁ'e YRR ‘F‘i%t‘@”'da!’%FﬁqH'éﬁds‘P IaI"@&bHF%f'EI Fepalr, with simiiarc
zi rconi a. 8. craas%emainmmthefpaeémlamoﬂ,, canid AbmpRmed.| Wltﬁﬁjgﬁ tﬁ%@&aﬁbleheat i ng

th t th ti.cl t t t d
ci'ther of sai d 185y 4 pa brnor  hofie ¥ iidertind TR g stpasgf Fpibn "' "
t enper at ur eSgr axanebet expanddtto intledd theccanaurrant tghiwih toh enudtipte exttensions9suchThe

met hod of cl ai ﬁ?ﬁrmﬁgmde%edgg Pne® pfRedllinffifiod Hibyldigo p{etds&l: GorM th an

ext ernal neans or urin t her sal st eps

cooling in or defFPQ'(JOfc@h%fr Tect'Q\”@“! efigniedyartigles havieg eaﬁsagﬁwqya.esqcmagraﬁ@ule and
within the artiygnhes.

As also noted in the referenced patents, although it was
10  concluded that the crystal structure of the extension should be substantially the
same as that of the existing article, it was unexpectedly found that considerable
variation in metallurgical structure, notably alloy composition, between the
extension and existing article is permissible, arid may even be preferable in some
cases. This result may also be applied to the utilization of the method of

15  Applicants' invention.

The method of this invention has unexpected advantages over
related methods for providi'ng extensions for articles, such as airfoils, in several
respects. Welded extensions must have compositions, melting characteristics,
flow characteristics and potentially other properties that facilitate the use of the

20 - welding processes used to form them, and thus frequently have compositions
‘that differ from the compositions of the articles to which they are added. Also,
welded extensions typically have an equiaxed microstructure due to the nature of

the welding processes used to form them, and thus do not form the directionally
oriented microstructures that are possible with the method of this invention.

25  Diffusion bonded or other bonded extensions are known to have interfaces that
frequently contain defects, such as voids and/or low angle grain boundaries, as
described herein. Thus, the interface between the extension and article may be
weaker than desirable for certain applicaﬁons. Related methods for casting
extensions that are also referenced herein, utilize different forming methods that

30 require the use of additional devices such as ceramic dies, die extensions and
means for pressurizing the molten bath from which they are formed, that are not
required for utilizing the method of the present invention. The fact that
extensions having the desirable microstructural features described herein may be



10. The nmethod of claim1, further conprising a step of heating the
extension end of the article wwth an external neans for heating and also a
step of cooling the article at a | ocation other than the extension end of
the article with an external means for cooling during either of said steps
of nmelting or cooling, wherein both steps are perforned in order to control

the tenperature gradient at the interface and within the article. 11. The
met hod of claim 1, wherein the integral extension has a directionally
oriented mcrostructure. 12. he nmet hod of claim 11, wherein

the directionally oriented microstructur& of the integral extension is
substantially an epitaxial extension of the directionally oriented

mi crost ruct ur e fesmet Hwithout dhes uem of sych RdgiHenal (devices thereby reqyeing eqsh 9f of
claim1, furthemfiyBlidnSéiehsidi drideiidiig tePpaterEl for GoAtaliatibm by NGIcA

t hi ckness to the outer surface of t he ma(rdrel &)ri or Sﬁlli d stlgpe of .form ng
a ceranmic ol d.deyes: nd aIgNfiiGenk apd nexBegied grvaniage, oersihgse Jplated plti g
wherein the nhdihedsénst Sastinafextdnsions.coati ng conpri ses a spacing di stance

bet ween the_ceram c nold gnd . [ 4 140,13,
further con'Sri sing a stepﬁ‘c?fméalggfng?e?%é’g egtsc%arvgrﬁzgﬁr% é%ﬁ@ﬁhegﬂﬁ step of
renovi ng the catillusatindofghé present invsntion;tand ase npkintanded to be sxhappiverflt hod of

claim13, whergyQ ptohei- ik drafGRSthefeot. N&/afigfdns 'dhdl Modificaliohs? B theOdis@ibiedt
0.001-0.1 inches. " % A net hod for Pr ovi di ng an, i Rt leaﬁrg{ e ten.si.on on an
‘article, conpriembagiments willhesregdily apparent thoge sRilied in fhe aft; ffl SULYRIRTANS g 4
ext ensi on end hgnd RiBdficAtionE Saré Siffenadtilto Baagrompassad! by sheo clamsdentpribur f ace

and = an uter  surface defined by t he
1 hereinafter. _



cross-sectional shape, the extension end also having a mcrostructure
.conprising a superalloy conposition and a directionally oriented crystal
structure; attaching a nmandrel to the extension bonding surface, the
mandr el having a cross-sectional shape that is conpatible with the
cross-sectional shape of the extension end and an outer surface that

comruni cates W t Ik ce of the exte I
attaching a pref{mﬂﬂmm“m“ﬂj"mrd over at | easq‘%gfgléﬁgﬁpﬁi\éfaﬁ% out er
surface of the extemsion en «ne nol d having ajnol d _%%R}-IAQEIDWhI ch] at | east

partially encl oses the extension bondi n@0surface and the mandrel and
defines the shape of an integral extension; nmelting the mandrel under

controll ed conditions bywaaRs cefiddqse of an external heating neans, the
article, mandrel and nold being oriented either prior to or duri r_lq sai d
nelting so that the noltkn rraﬁg'Peé'ImdchhP'&&'P@g@ﬁé"%&'?\e?i%?‘ﬁﬁ“l?@rﬁﬂ'i HiC®ur f ace,
for a tine sufdonprising teostgrofi t t he extensi on bonding surface to be heated

by and interact with the %Dcltiteg :%l? rel as; a m cr.ostructure, grovvth seed;
and cooling the ext EHSUA% a2 A, GAPPENG: 3L PRER'PHAEREVINY A % ons so
as to cause t heectiarial ehapen ol extension bonding syrfase and eangowert surfaee defiretl byn

i nterface t n )| 0 X | i Qg into

t he nol ten%ena\r/lﬁgeffég_ggb g@%h@éﬁil il{e?x{ég{negllg%)ﬁ tgﬁ(gtsé lgg)p@enﬂe%rgg |3 S%r’%'f‘ﬁﬁ to the
shape of the nesmpogition and a difeqigrally ofentedarystalatiyeltirgihat i s conpatible with

t he m crostructure of t h_@ttﬁh_ir%ﬂﬁi MAAndRNdo the%k@enéi‘&fﬁbbﬁ&ih@%urﬁab@.r fre _
condi tions corrlBrl [ mai ntainin atengera’gure radient within {he article
such that the éﬁ@r’%ﬁ"ﬂ?é qressregifpnal shape fhat is gomppible. with e cressrsectional ¢ 1 n

the articl e asstapéwiche erteadion rad andidargoutes safuce thatosunirnidatdsewitta de 17.
T et MoET G bl o BF' Sl 5o P o, SATRERS By ool L 0P| "
that is compatible with the superalloy composition;
forming a ceramic mold over the outer surtace of the mandrel and
at least a portion of the outer surface of the extension end, the mold having a
mold cavity with a shape that is defined by the mandrel and is adapted to define
15 the shape of an integral extension; ) |
melting the mandrel under controlled conditions ‘by application of
an external heating means, the article, mandrel and mold being oriented either
prior to or during said melting so that the molten mandrel contacts the extension
bonding sutface, for a time sufficient to permit the extension bonding sutface to
20 be heated by and interact with {he molten mandrel as a microstructure growth
seed; and
cooling the extension end under controlled thermal conditions so
as to cause the molten mandrel to solidify on the growth seed, at an interface
between them that moves from the extension bonding surface into the molten -
25 mandrel, as an integral extension that generally conforms to the shape of the
mold cavity and has a microstructure that is compatible with the microstructure of
the extension end, the controlled thermal conditions comprising maintaining a
temperature gradient within the article such that the temperature is highest at the .

interface and decreases within the article as a function of increasing distance
30 from the interface.
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19. The nethod of claim 18, wherein the airfoil is a blading nenber

. conprising longitudinal axis, a root, a tip having an airfoil shaped
cross-section normal to the longitudinal axis, a tip bonding surface and a

tip airfoil surface, and an airfoil section which joins the root and the

tip, and wherein the tip corresponds to the extension end, the tip bonding

surface corresponds to the extension bonding surface, the tip airfoi

surface correspM‘er‘swface and t he | aiud @HEEE HASESBEEN
cross-section ¢o cross-sectional |shapepep x#9p The frethod of
claim 16, wherei Hmm &@’U E& the article ar ase,

3 S

Co- base, Ti-bage, *orc ral | oys. 21. The nethod of claim 16,
wherein the ceramic conprises alumna, nmullite, alumna/silica mxtures, .-
calcia or zirconia. 22. The nethod of claim 16, further conprising a step
of heating the extension end of the article with an external neans for
heating during either of said steps of nm¥ting or cooling in order to
control the tenperature gradient at the interface and within the article.

23. The nethod of claim 16, fuhthREthe®@BRTdAMND RhéreRPNRl carfsnengist &
article with an external neans for cooling during either of said steps of
melting or coo?'ffﬂ'g in order to control the tenperature gradient at the

interface and within the afti dhe.method of claim 2 wherein the airoil is a blading 36

member comprising longitudinal axis, a root, a tip having an airfoil shaped cross-

. 5 section normal to the longitudinal axis, a tip bonding surface and a tip airfoil
surface, and an airfoil section which joins the root and the tip, and wherein the tip
corresponds to the extension end, the tip bonding surface corresponds to the
extension bonding surface, the tip airfoil surface corresponds to the outer surface

~and the airfoil shaped cross-section corresponds to the cross-sectional shape.
10 4. The method of claim 1, wherein said step of forming the
ceramic mold comprises slurry forming or thermal spray forming.

5. The method of claim 1, further comprising a step ut
heating the extension end of the article with an external means for heating during-
either of said steps of melting or cooling in order to control the temperature

15 gradient at the interface and within the article.

6. .The method of claim 1, further comprising a step of
cooling the article with an external means for cooling during either of said steps of
melting or cooling in order to control the temperature gradient at the interface and
within the article. '

20 7 The method of claim 1, further comprising a step of

heating the extension end of the article with an external means for heating and

also a step of cooling the article at a location other than the extension end of the

article with an external means for cooling during either of said steps of melting or

cooling, wherein both steps are performed in order to control the temperature
25 ~ gradient at the interface and within the article.

8. The method of claim 1, further comprising the steps of
applying a coating having a thickness to the outer surface of the mandrel prior
said step of forming a ceramic mold, and removing the coating prior to said step
of melting, wherein the thickness of the coating comprises a spacing distance

30 between the ceramic mold and the mandrei.
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24. The nmethod of claim 16, further conprising a step of heating the
extension end of the article with an external neans for heating and also a
step of cooling the article at a |l ocation other than the extension end of
the article with an external nmeans for cooling during either of said steps
of nelting or—cootHng—wherein both steps are peﬂ#-er-ned in _order to control
the tenperature gradient at the interface and wiftHil$ SHEET A5 gEgy] 25. The
~method of clai e integral extengion hpg rectipnally
oriented mcr E’E jl, m'm"rThe nmet hod of cl 1*ms—§-§\?écgg4_n_r_n
directionally ori ented i Y ostructure 2?f the integral extension is
substantially an epitaxial extension o the directionally oriented

m crostructure of the extension end of the article. 27. The et hod of
claim 16, further conprisPng Jhepsetoed spmigimng afusber Foraprising agtep ohi ckness ™~
to the outer Séihfeﬂﬁ@tmaf céramcnmandrsﬁder BhidNters 8f fonfvRB thE cBAtingCaNdNSHoR to

pref ormed ceram g e@ removing the coating prior to said step of

mel ti ng, wher ef# FWB Melif9ess of the coating conprises a spacing distance
bet ween the ceramnic rml d aod tihe waiRdd &f .claim28. WikeeinethBabickiess |otithe 27

:A'hnnglsn t hg thi ga'im&?s ina ratnhgong u't B%O'l 2. 1I incrds! 2N9€ of about 0.001-0.
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